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ERERGY CHARACTERISTICS OF IONOSPHERIC DISTURBANCES
ARD RATURE OF THE STATES OF IONOSPHERIC AND
GEOMAGNETIC DISTURBANCE *

Geomagnetizm i Aeronomiya by V. P. Kuleshova
Tom 5, No. 5, 850~ 857, & E. I, Mogilevskiy
Izdatel'stvo "NAUKA", 1965

SUMMARY

Comparison is made between the general planetary characteristic
of the ionosphere disturbance AI; and the energy characteristic E of
the geomagnetic disturbance.It is shown that there is a correlation between
the active periods of geomagnetic and ionospheric disturbances reflecting
the structure of the magnetic field of the solar corpuscular stream and
the force-free magnetic field. The relationship between AIy and E is de-
termined from the ionization balance equation for the entire ionosphere
thickness. At the same time, the dependence on E of exosphere and ionosphe-
re temperature variation is obtained from satellite deceleration., The ques-
tion is discussed of the nature of energy transfer of the disturbance from
the magnetosphere to the ionosphere by means of low frequenocy hydromagnetic
waves dissipating in the ionosphere.

®
| J L

1. = Despite the significant advances in the ionosphere investiga-
tions attained during the IGY period and the subasequent years, the nature
of lonospheric disturbance remains one of the least studied gquestionms,
There is currently no doubt that the corpuscular radiation of the Sun is
responsible for the ionospheric disturbance. Meanwhile, it is clear that
the direct penetration of the "cold" solar plasma into the undisturbed
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magnetic dipole field is impossible even at high latitudes, The difflculty
in the determination of the nature of ionosphere state of disturbance is
linked with the relative localization of the disturbance course, the pre-
senae of effects of ionization decrease and increase in the F-region (often
concomitantly observed at various latitudes and longitudes), and the still
very scarce information on the pharacter of the course of ionosphere dis-
turbance in the entire region above the Fp-maximum, where the aggregate
electron thickness is at least several times greater than the underlying
one. It seems to us, that if we remain within the bounds of ionosphere measu-
rements only, the ascertaining of the nature of the state of ionosphere dis-~
turbance will be impossible, It is necessary to assume a specific scheme of
solar geoeffective flux action upon the Earth's magnetosphere and to consi-
der the effect of the state of ionosphere disturbance as a part of the total
transformation of the energy of solar corpuscular fluxes.

2. - The most general approach for the solution of the problem of
the nature of the state of ionospheric disturbance is the determination
of the energy of the ionospheric storm. First of all it is necessary to
ascertain what is by order of magnitude the energy of the ionospheri disturb-
ance and by what means it is transferred from the corpuscular stream to the
ionesphere, There.is ground to estimate that only a relatively small frac-
tion of energy of geomagnetic variations is transformed in the ionosphere
(<1+10%)s

The first step toward the energy analysis of the state of ionosphe-
ric disturbance may be the transition from the standard local (point) des-
eription of the storm to the two-dimensional (general planetary) considera~
tion of the state of ionospheric disturbance, for example at the Fp-maximum
level. It is evident that the absence of regular ionization measurements
during the state of ionospheric disturbance in the entire thickness of the
ionosphere, from the lower boundary to ~~3 «+ 3.5 R@, does not allow to
resolve quantitatively the energy aspect of the state of ionosphere disturb-
ance. There is, however, a good correlation between the aggregate ionization
N of the aggregate thickmess of the ionosphere and the electron concentra-
tion ny at the F» - maximum level [1]. The quantity N was obtained in 2]
in quiet and disturbed days by the Faraday effect at radiosignal reflection
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from the surface of the Moon. According to these observations the correla-
tion of AN and On, at the station Slam is considered in [3], and the time
course of parameters Aff2, AN (Af,F2)? and An, for disturbed periods is compa-
red also. Here Af,F2- denotes the deflection of the ¥Fp~layer from the median
during the disturbances of the critical frequency (in mc/s); ON and A%
are respectively the fluctuations of the total electrom content in the en-
tire ionized thickness and of the electrom concentration at the Fp~layer
maximum level from the undisturbed conditions., It was found that in the
first appro:iutien all these parameters agree well with one another and
they may characterize not only the course of ionizgation at the Fo-maximum
level but in the entire ionosphere thickness. We shall assume in the follo-
wing that in the first approximation the two~dimensional (general planetary)
description of ionization at the Fo-maximum level characterigzes the total
ionization in the entire atmosphere.

1] *» LR ] [ 190 B e W

k — Y ] \ -
"6 ' ﬁ”(;’:)ai S | L-.:
! ' I Vi / e »
[ ] V
* -{" 8 \\
.
.\ \ '“ L Y ®
» :E » —- - /. i ey 2 Jl\'.‘_g 2
N Lo~ 1 5 !5 :
: v _—_:f B R P, > = s
20 N /! "'/ /K ~ J - 2
oy g N
» s ¢k¥ - Y
i ST
» -
-En » wes L - ne : - E we W
Fig., 1l

3, ~ In order to obtain the general planetary characteristic of
the state of ionosphere disturbance,we constructed for a series of ionosphe-
ric storms charts of Aff2 deflections from the median of critical fre-
quencies of the Fa-layer according to the world net of ionospheric stations.
One such chart is presented in Fig, 1l for 1500 h, UT on' 15 September 1957.




The consideration of hourly three-hour charts for ionospheric storms of
the IGY - IGC allows to derive conclusions on the development of the state
of ionospheric disturbance [4, 5]. One may also obtain from these charts
the general planetary index of the state of ionospheric disturdbance intro-
duced in [3]. It is computed by the correlation

Ali= T (AfF2)1AS,,
£ . o

where Als is the state of disturbance index (hourly or three-hourly); ASg

is the area of the i-th portion of identical values of Afuf2 on the indica~
ted synoptical chart. The disturbance index is determined separately for the
regions of overrated and underrated values of AfuF2. Taking into account

the above-refsrred to remark on the correlation of the index AIy with the
total ionisation N, we may assume that the index AIg characteriszes quali-
tatively the value of the general planetary energy of the state of ionosphere
disturbanece, It may be utilised for the analysis of the temporal course of
ionosphere -disturbance as well as for the comparison with the energy characte-
ristic of the geomagnetic storm,

In order to ascertain the peculiarities of the relationship between
the states of ionospheric and geomagnetic disturbance we plotted three~hourly
world synoptic c_hﬁrts of Af,F2 for the following ionospheric storms: 1- 9,

13— 17, 21— 2k September 1957; 3 — 7 September 1958; 25—~ 30 March, & — 7
September 1959. During the considered disturbed periods the region of positive
state of disturbance occupiedminsignificant spot by comparison with the nega-
tive ones that is why the indices AI,._ were not compared with the geomagne-
tic data. Given in Fig.2 is an example of comparison of the index AI_ with
the energy index E of the geomagnetic disturbance for the greater disturbance
of 3~ 7 September 1958 [6]. From the comparison of the curves it may be seen
firat of all that the active periods of gemoagnetic disturbance are also mani-
feat (with a specific shift) in the ionosphere disturbance. The ionospheric
storm is coming through not only in the general variation of ionization just
as does the geomagnetié storm, There are, alongisde with the last maximum,
general plametary maxima of variations (one or two "main periods" of disturbdb-
ances) and several second-rate maxima, The shift At between the geomagnetic
and ionospheric maxima (active periods) was found by epoch superimposition




method (Fig., 3). The table below gives the correlation factors R between
geomagnetic and ionospheric indices of active periods computed for various
At, the duration of the considered storms being normalized to unity. The
ratio p=R/0, where 0 is the root-mean-square error of R is given in the
last column, As is well known, if un=3, this may serve as one of the cri-

teria of the fact that a real link exists between the correlating indices
A1; and E [7].
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It follows from the table and Figs. 2,3 that:

a) there exists a real physical link between the separate active
periods of the general planetary and the geomagnetic states of disturbance.,
At the same time, the direet reflection of separate active period_s of a
geomagnetic storm (members of "geomagnetic storm family" [8, 9]) by the
corresponding periods of general planetary ionosphere state of disturbance
is essential;

b) there exists a specific lag of ionosphere maxima relative to
the magnetic maxima (0,05 time fractions of total storm, which corresponds
to ~v2 — 6 hours),

The geomagnetic variations at time of magnetic storm should be
viewed as the superimposition of irregular Dj- variations and regular mean




Dat’ SP-’ P.variations., Comparison of magnetic variations measured beyond

the limits of the magnetosphere by Mariner-2 and on ground observatories

[10] have shown that, apparently the greater part of Dy~ variations reflect
the distribution of the magnetic fields of separate plasma elements of cor-
puscular streams having their own magnetic field of free-~force structure
(M-elements). The energy of Di-variations passes by the magnetosphere with-
out substantial losses. At the same time the passage by the magnetosphere

of a plasma element with an effective magnetic dipole moment M induces vari-
ations of the current systems of regular variations (Dst' SP) on account

of induction. The part of motion energy of M-element plasma, transferred by
means of the magnetic field, remains in the magnetosphere and is partially
transferred to the ionosphere. In this scheme [11], the total energy enter-
ing the ionosphere during the geomagnetic disturbance, constitutes a relative-
1y small fraction ( i<1%) of the total energy of the geomagnetic disturbance,
for the main part of energy, having entered the magnetosphere, is consumed
for its heating and deformation. The shock waves, inducing this heating,
dissipate to heights ~3,5Rg. Here, at boundary of abrupt density variatiom,
[12] (Fig. &4, where [n.]el en~>, [N]el cm™ [Vl em 890-1' [r] ergcm’33e0'1
is the power yielded at dissipation of hydromagnetic waves) an instability
sets in and magnetosonic and Alfven waves are generated, which disintegra-
ting in the ionosphere [13 — 15], induce its heating. The components of the
"family"of geomagnetic storms reflect the relative closeness of the magneto-
sphere of the Earth to the chain of M-elements of the solar corpuscular
stream (the main period of the storm is linked with the nearest passage of
M-elements). The existence in the ionosphere

M

disturbance of a correspondence to the com- Y
ponents of the magnetic storm "family" points

to the fact that the energy transfer from 10t
the magnetosphere to the ionosphere takes »MMW_
place by means of a relatively "low-inertia" ﬁzz
mechanism, which reflects, as in the geo- %%_
magnetic field, the spatial structure of . 8§

M-elements of the solar corpuscular stream.
This evidently does not exclude the presence

of inertial components of ionosphere state

of disturbance [Dg¢(F2),S,(F2)h constituting,
howevery no more than 20-2%% of the total enmergy.
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4%, - For the aims of the present work,we ought to clarify the rela-
tionship of total ionization variations in the ionosphere with the geomagne-
tic index (for example, ay or E). To that effect we may assume ;n the first
aprroximation that the ionization balance equation is described during iono-
sphere disturbances by the following expression :

dN./dt=0Q(t) —aN3, (1)
where No is the total electron content in the entire thickness of the F-re-
gion and highet, to the distance ~3 <~ 3.5 Rgp ; Q(t) is the number of ions
and electrons forming at disturbance in the whole thickness; « is the mean
effective recombination coefficient for the entire thickness.

The usual transfer term ~— div (N.5), conditioned by diffusion, air
masses shift etec., has not been taken into account in (1). But, when writing
the equation for the entire thickness, this term, leading only to redistribu-
tion of the existing ionization (which contributes to the formation of res-
pective maxima in height), may be disregarded. In the general case, taking
into account the possible photochemical reactions for every level of the iono-
sphere [12], one must not only write the term aﬂa, accounting for the recom-
bination vrocesses at collisions (of electrons, ions, various types of atoms
and molecules), for which equality of both components! concentrations is
assumed, but also the terms accounting for the diffusion. However, for the
description of integral variations of the ionization we limit ourselves only
to this recombination term. This can be done provided we take into account
that the integral ionization is

\ 1500 ,ml .
No=§ nds=§ nds+ (nds =N+ N ()
hpy Apy 1500 '

We postulate, in correspondence with Fig. 4, that V<N ~ N,, that is,
the basic ionization is concentrated in the region I to the height ~1 500km.
Once these remarks have been taken into account, we may consider the solution
of (1), given in the work [16], under the condition that Q (t) be a temporal
function. It is well known that the equation (1) is in this case a Riccati-
type equation, s0 that the expression .

: h
n=(2) _%‘??Z:_Q. 3

can be considered as being its solution with a saificient approximation.
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During geomagnetic disturbances the basic energy liberation takes
place in the considered region (I in Fig. &, curve P); this eneréy liberation
is linked with the dissipation of magnetohydrodynamic waves proceeding from
the magnetosphere. The effect of geomagnetic disturbance is manifest in the
heating of the ionosphere [17, 18] and in the variation of its temperature
regime, At the same time

a) the effective recombination coefficient varies [12]

ax ao(T + AT), (4)
b) the total number of neutral atoms, which may be ionized in the

entire thickness of the considered region (1) varies also., According to ex-~
perimental data on satellite deceleration [19, 20]

No= Ny(T + AT)*, - (5)
¢) the factér of photochemical reactions rate k varies too [12]
on account of the change in the relative content of initial and final gas
components .defining Q (t). The dependence of the factor k on temperature
according te [12, 17, 18], for example, is given by the correlation

k = ko(T + AT)—3. ) ' (6)
In formmlas (4) — (6) we took for AT [18 - 23]

AT = Aa, =~ A'E, (M
where a, is the amplitude characteristic of the geomagnetic disturbance,
proportional to the energetic characteristic of E [9]; the factor A =¥ 10.
Substituting in (3) the expressions (‘t)'— (7), we may obtain after not too
complex transformations the following semiempirical expression for the varia-
tion of the total ionization: N

Here N0 is the unperturbed value of the total electron content in
the region I for the values of the geomagnetic index E =0 and 4B /dt = O3
AN1 is the variation of the total electron content at E3£ 0 and dE /dt =¢ O
ANZ is the same at Egk O and dE/dt £ 0. The subdivision of AN into ANl
and ANZ is justified by the fact that, according to [9, 13], there exist
within the bounds of each term of "storm family" during geomagnetic disturb-
ances periods with values E @/ const and periods for which dE /dt 3&0 ; they
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differ morphologically and apparently also by their character and tempo
of energy ingress into the magnetosphere, The latter must also be reflected
in the ionosphere's state of disturbance. ’

After some simplifications the expression for (8) will be

AN = CoE™ + KE. (9

The dependence of the variations of the total electron thickness
on the energy E of the geomagnetic state of disturbance is plotted in
Fig. 5. At great values of E and variations of E (|dE/dt>0) the varia-
tions of the parameters C, and K ought to be taken into account. As is
shown by the observations of [13], the index of E rises very steeply within
the bounds of each elements of "storm family" (dE/dt>0), while the drop
takes place relatively smoothly. If we account for this when estimating the
parameters C, and K in (9), we shall obtain the correlation of E and AN
during one of the active disturbance periods, plotted in Fig. 6. The shift
of maxima and a more stretched course of AN correspond to the observed
correlation between the general planetary index of lonospheric disturbance
AI and the geomagnetic state of disturbance E (see Fig. 2).
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5¢ = It was obtained in numerous investigations of magnetohydrodyna-
mic waves in the magnetosphere and ionosphere (theoretically and i;artly cor-
foborated by observations on AES Injun, Pioneer and Cosmos), that at dissi-
pation of low frequency magnetohydrodynamic waves a notable heating of the
ionosphere is possible, At the same time, observations on AES Cosmos-3,
Cosmos~-5 [24], Injun-III [25] and on geophysical rockets [26] have shown
that there exists a flux of relatively energetic electrons (several tens kev)
which hay be responsible for the night and the disturbed ionization of the
ionosphere. Calculations have shown that a simple emergence of energetic
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electrons from radiation belts cannot ensure this observed flux of electroms,
for in that case the radiation belts would be emptied in a short time without
additional powerful boost., Without indulging further into this complex acce-~
leration problem, having an interest in its own right, that is, heating of
the magnetosphere plasma during geomagnetic disturbances, we shall note :

a) The interaction of the Earth's magnetosphere periphery with the
solar corpuscular stream, consisting of separate plasma coaxials (M-elements)
with force-free magnetic fields [10, 11, 23], naturally explains the deforma-
tion of the geomagnetic field and the appearance of a system of waves (shock,
automodel, Alfvén and acoustic) dissipating in a different fashiom at various
heights of the magnetosphere [1ll, 27 — 29]. Thus, at great heights (z = 3Rg),
where v,>v, (va and v, beinc respectively the Alfvén and sound velocities),
the waves with frequencies & 10 «- 102 cps propagate without substantial
damping, while the disintegration of Alfvén waves at these heights has no
time to take place. In the regions, where va<Us the high-frequency (‘!’?10'.
cps) waves dissipate during atime >30./ va®. . The disintegration of high-ampli-
tude hydromagnetic waves(=10y), emerging as a consequeﬁce of instability during
geomagnetic disturbances at heights of 2,5 -+ 4.5 Rg 4 takes place in rela~-
tively dense vegions (at heights <1 500 km with maximum near ~ 300km (Fig. 6).
The energy, then liberated, is sufficient for heating the ionosphere [15, 28],
which, as was shown above, may satisfactorily explain the general decrease
of the ionization during the active periods of geomagnetic disturbance.

2.~ During geomagnetic storms the magnetic field in the magnetosphere
represents, according to the adopted scheme in [10, 11, 30], the vectorial sum
of the Earth's dipole field, the field of Dj~variations (magnetic field ref-
lecting the distribution of the force-free magnetic field of flux's M- ele-
ments and the fields of regular variations (Dgi, Sp). The latter, as pointed
out above, constitute the consequence of induction effeet in the magnetosphe-
re at passage of the effective dipole field of flux's M-elements. Therefore,
the variations of the magnetosphere's field will be essentially asymmetrical.
Possible in this field are : a) the solar plasma injection [11], b) the sub-~
stantial acceleration of protons, and particularly of electrons of magneto-~
sphere plasma to energy of several tens of kev, provided the time of nonsymmet-
ric field variations is greater than that of longitudinal drift of electroms

or protons (0,5 < 1 hour).




This condition is fulfilled, as & rule, during the time of geo-
magnetic disturbances, so that the mechanism of adiabatic and betatron
acceleration of electrons in the magnetosphere, indicated by Parker [32],
becomes possible. The fluxes of energetic electrons, observed in the iono-
sphere, may as well be explained by the flux of accelerated electrons at
adiabatic acceleration, descending along the field, as by the injection
of solar plasma into a nonsymmetrically distorted field. The former may be
responaiblé for the jonization increase during disturbances. The ionization,
really observed at various latitudes during ionosphere disturbances, is a
result of simulteneous effect of both factors ~ additional ionization from
the flux of energetic electrons and the intensive heating of the entire
jonosphere at dissipation of hydromagnetic waves. During major disturbances
and in the active periods of geomagnetic activity, the effect of ionosphere
initial heating prevails at middle and higher latitudes.
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